Alzheimer's disease (AD) is the most common neurodegenerative disease, and its mechanisms have not been clearly elucidated. A large percentage (more than 95%) of cases are late-onset AD without familial traits. Although some genes have been implicated in the pathogenesis and the risk of developing sporadic AD, they only account for the minority of late-onset AD. Recently, accumulating data have suggested a potential role for epigenetic mechanisms in neurodegenerative processes leading to dementia. Alterations in the epigenetic machinery cause aberrant DNA methylation and histone acetylation. Therefore, these changes trigger alterations on the transcriptional level of genes involved in the pathogenesis of AD. In this review, we summarize recent advances in research on AD caused by common epigenetic modification and the potential treatment strategies targeting the epigenetic machinery.
So far, its pathogenesis has not been clearly elucidated. Mutations in specific genes have been identified; however, they can only explain 5-10% of the AD cases. The genes implicated in early-onset familial AD are the genes encoding for amyloid precursor protein (APP), the gene encoding for presenilin 1, and the gene encoding for presenilin 2. The gene implicated in the pathogenesis and the risk of developing sporadic AD is apolipoprotein E ε4 (APOE ε4) [2] .
Recently, epigenetic modifications have been found to be relevant for many complex disorders, whereas the DNA sequence remains essentially the same [3, 4] . Epigenetic modifications comprise all heritable changes in genome function that do not alter the nucleotide sequence within the DNA, including DNA methylation, histone modifications, chromatin remodeling, and noncoding RNA (ncRNA) regulation [5, 6] . Epigenetic modifications are present from as early as the prenatal phase, and a loss of phenotypic plasticity caused by epigenetic modifications is associated with the aging process [7] . Since aging is the most important risk factor for neurodegenerative diseases, in which AD is included, it is speculated that epigenetic modifications might also play a major role in the pathogenesis of AD [8] [9] [10] .
DNA Methylation in AD
DNA methylation is a biochemical process that is important for normal development in higher organisms. It involves the addition of a methyl group to the 5 ′ position of the cytosine residues within CpG dinucleotides or the number 6 nitrogen of the adenine purine ring (cytosine and adenine are two of the four bases of DNA). This modification is catalyzed by DNA methyltransferases (DNMTs) and can be inherited through cell division [11] . CpG dinucleotides are generally concentrated in regions called CpG islands, which are preferentially located in promoter regions. CpG methylation can directly affect the binding of transcription factors to its homological DNA; meanwhile, it can also recruit methyl-CpG-binding protein to inhibit gene expression [12] . Many studies have confirmed that a genome-wide decrease in DNA methylation has occurred in aging and AD patients [13] .
The novel concentration of one-carbon metabolism-related substances has an influence on the status of DNA methylation. With the help of folate and vitamin B 12 , homocysteine becomes S-adenosyl methionine (SAM). As a methyl donor, SAM participates in the process of methylation reactions, turning into S-adenosine homocysteine (SAH) and finally homocysteine [14] ( fig. 1 ). The levels of folate and vitamin B 12 are decreased in AD patients, whereas levels of SAH (a methyltransferase inhibitor) and homocysteine are high [14, 15] . In addition, compared to controls, patients with late onset of AD have relatively increased plasma homocysteine levels and decreased serum folate values [16] . The abnormal metabolism described above stimulates AD-related gene expression by decreasing the level of DNA methylation, leading to overexpression of Aβ.
Ageing is a main risk factor for AD, which can decrease the total level of DNA methylation and ultimately cause overexpression of AD-related genes. Studies have indicated that some sites of the promoter region of the APP gene appear to be demethylated when a person is above 70 years of age, which might cause the gene to be overexpressed and finally generate Aβ in abundance [7] ( fig. 2 ) . However, the promoter regions of some specific genes [such as the neprilysin (NEP) gene, which inhibits AD occurrence] turn out to be highly methylated. NEP is one of the important Aβ-degrading enzymes in the brain, and it plays a critical role in the clearance of Aβ [17] . Due to the high methylation, expression of the NEP gene is inhibited and the clearance of Aβ is decreased, resulting in the accumulation of Aβ. The ApoE gene, closely related to the occurrence of sporadic AD, is characterized by complex DNA methyl-ation. A few promoter regions of the CpG are less methylated, but the 3 ′ position of the CpG that concerns haplotype ε4 is completely methylated [18] . The abnormal epigenetic mechanism of this CpG island may induce the pathologic alteration in AD [19] .
Histone Acetylation in AD
Histone acetylation is a process in which acetyl coenzyme A transfers acetyl to the lysine residues of core histone N terminal domains under the catalysis of histone acetyltransferases (HATs). Histone acetylation can not only neutralize the positive charge in histone, but also reduce the affinity between histone and negatively charged phosphate in DNA. Therefore, it can lose the chromatin structure and activate gene transcription activity. In contrast, histone deacetylase (HDAC) mediates the reverse process and silences some specific genes [20] . It has been demonstrated that histone acetylation was lower in the temporal lobe of AD patients than in aged controls [21] . However, another study has found increased acetyl and total levels in postmortem AD brains [22] .
At present, chromatin remodeling mediated by histone acetylation is regarded to be associated with the formation of long-term memory. It has been found experimentally that in the learning and memory process of a 16-month-old mouse, the H4K12 acetylation level decreases and, thus, the expression of the hippocampal memory-related gene is suppressed. SAHA, an HDAC inhibitor, can bring the acetylation level of H4K12 back to a physiological level and can The decreased DNA methylation status of the APP gene promoter is correlated with increased gene expression, leading to a higher level of APP. APP is cleaved by β-secretase to form a secreted ectodomain (sAPPβ) and a membrane-bound fragment. γ-Secretase cleavage of the latter product by presenilin 1 (PS1) and presenilin 2 (PS2), among others, releases AICD and Aβ. AICD forms a trimeric complex with Fe65 and the HAT Tip60 and acts on the NEP gene to promote its expression by histone acetylation. NEP, which is the major Aβ-degrading enzyme in the brain, shows increased promoter methylation with aging. As a class III HDAC, SIRT1 interferes with NF-κB signaling by deacetylating RelA/p65, reducing neurotoxicity significantly. SIRT1 is also known to activate expression of the α-secretase ADAM10 through deacetylation of retinoic acid receptor-β (RARβ). The activated Notch receptor is proteolysis cleaved sequentially by ADAM10 and γ-secretase to yield NICD, which is implicated in neuronal development and repair mechanisms. HDAC is dynamically implicated in the silence of the genes related to the formation of long-term memory, promoting the progression of AD. miR-29a/b and miR-107, which both target BACE1, bind to complementary nucleic acid sequences in the 3 ′ -UTR of BACE1 mRNA and lead to BACE1 mRNA degradation and a lower level of β-secretase. lncRNAs may also play a role in regulating the BACE1 gene by antisense transcription. BACE1-ASs form an RNA complex with BACE1 mRNA and prevent the mRNA from degradation by RNase to increase the stability of BACE1 mRNA and expression of β-secretase. AC/Ac =Acetyl-; MBD = methyl-CpG-binding domain; Me = methyl-; m 7 G =7 ′ methylated guanine; 5mC = 5 ′ methylated cytosine. recover the expression of related genes, improving cognitive abilities [23] . Neuron-specific overexpression of HDAC2 but not HDAC1 in the mouse leads to a decrease in dendritic spine density and to a reduction in the number of synapses as well as to a decrease in synaptic plasticity and memory [24] . The blockade of epigenetic modification in the process of transcriptional regulation will result in cognitive decline in neurodegenerative diseases, and the effect is meditated by histone deacetylase II [25] . Histone deacetylase II increases significantly in AD patients as well as in vivo and in vitro models, which can lead to transcription of learningand memory-related genes. Further studies indicated that disinhibition of these genes could recover the neuron structure and synaptic plasticity by reversing the accumulation of histone deacetylase II with small hairpin RNA silencing technology and finally alleviate the cognitive impairment. These studies demonstrated that the decline in gene expression caused by neurodegeneration is not fully caused by blockade of the epigenetic modification mechanism. The development of a selective inhibitor of histone deacetylase II might be helpful in the treatment of cognitive decline in many neurodegenerative diseases [25] .
It has been indicated that HDAC inhibitors can reverse the abnormal histone acetylation and improve memory, thus reversing the disease process. When APP/PS1 mice are exposed to a frightening environment, the level of H4 acetylation in the hippocampus is lower than in wild-type mice. After receiving trichostatin A, the acetylation level of H4 increases and the stiffness in the dreaded environment becomes more obvious [26] . If transgenic CK-p25 mice were given trichostatin, the dendrites and synapses were induced to proliferate and the learning and memory ability could be recovered as well [27] . Valproate, an inhibitor of HDAC, could effectively improve the episodic memory of ADAPPswe/PS1dE9 transgenic mice [28] . Another inhibitor of HDAC, such as phenyl butyrate, could reverse the spatial memory loss and the level of phosphated tau protein in the hippocampus in Tg2576 mice. However, it could not change the level of Aβ [29] .
Sirtuins are NAD + -dependent class III histone deacetylases, and they have a neuroprotective role in neurons. Firstly, sirtuin 1 (SIRT1) can deacetylate and activate the retinoic acid receptor-β and further activate the expression of α-secretase ADAM10. ADAM10 can inhibit the production of Aβ by an ADAM10-mediated APP proteolysis process [30] ; it is also involved in the hydrolysis of the activated Notch receptor, and then the cleaved Notch will facilitate the release of Notch intracellular domain (NICD) by the γ-secretase enzyme. The release of NICD activates the Notch signaling pathway and the transcription of downstream genes and is finally involved in the development and repair of the nervous system [30, 31] . Secondly, overexpression of SIRT1 can also cause deacetylation of RelA/p65 at Lys310 in the NF-κB family and can finally reverse the neurodegeneration caused by the overproduction of glial cells activated by the NF-κB family [32] ( fig. 2 ) .
In the process of APP hydrolysis into Aβ, APP intracellular C-terminal domain (AICD) will also be generated [6] . With the transcription of histone acetylation-regulatory genes, AICD, Fe65, and Tip60 (HAT) can form into trimeric complexes. It has been demonstrated that AD-related genes including APP, GSK-3β, BACE1, and NEP are all regulated by the AICD-Fe65 complex [31, 33] . The AICD-Fe65 complex is also involved in APP processing and management. The overexpression of Fe65 will generate more Aβ and promote the occurrence and development of AD [33, 34] .
ncRNA in AD
In human genes, there are statistically about 98.5% of genetic sequences that could be classified into a noncoding region. These noncoding sequences are mostly transcribed into different forms of ncRNA including microRNAs (miRNAs) [35] . miRNAs are a group of small ncRNAs which can regulate the translational repression of target messenger RNAs (mRNAs) in a sequence-specific manner. The majority of the presently identified miRNAs in the brain can regulate the expression of the target molecules essential for neuronal and glial development, differentiation, proliferation, apoptosis, and metabolism [35] . Accumulating evidence indicates that aberrant expression and dysfunction of brain-enriched miRNAs can deregulate the target genes in the brain and plays a central role in the pathogenesis of neurodegenerative diseases including AD [36] .
In physiological conditions, AD-related gene-homologous miRNA impedes the extension of mRNA transcription through a combination with the coding region (3 ′ untranslated region; 3 ′ -UTR) in the 3 ′ end of the target gene mRNA or through a catalysis to separate ribosomes with mRNA, and finally inhibits gene expression [37] . In AD, the levels of β-secretase 1 (BACE1)-related miR-107 and miR-29a/b [38, 39] ( fig. 2 ) are decreased and their inhibitory effect on BACE1 expression is reduced. In vitro studies with HeLa, COS1, and HEK293 cells indicated that expression of luciferase controlled by the 3 ′ -UTR of the APP gene can be regulated by the miR-20a family including miR-20a, miR-17-5p, and miR-106b, and the instantaneous transfection of these miRNAs can suppress the gene expression of APP [38] . The impediment of the expression of miR-20 leads to an increase in the endogenous APP level by 50% [38] . The level of APP mRNA in the mouse brain is basically stable, while the expression of the APP protein increases, which is closely related to the obvious reduction in miR-20a, miR-17-5p, and miR-106b. Therefore, it is believed that the APP gene is deregulated by miRNAs not through the degradation but through the inhibition of APP mRNA. Further pathological studies demonstrated that miR-106b was dramatically decreased in the cerebral cortex of patients with AD; however, there is no evidence to indicate a correlation of the levels of miR-20a, miR-17-5p, and miR-106b with the concentration of APP protein in the cerebral cortex of patients with AD [38] .
It has recently been demonstrated that overexpression or silencing of miR-34a inversely modulated the expression of synaptic targets, including synaptotagmin-1 and syntaxin-1A, in AD patients [40] . Their further results indicate that the p53 family member TAp73 drove the expression of miR-34a, but not miR-34b and -c, by acting on specific binding sites on the miR-34a promoter. Recently, it has been reported that endogenous miR-153 inhibits the expression of APP in human neurons by specifically interacting with the APP 3 ′ -UTR [41] . The same study found that miR-153 significantly reduced reporter expression when co-transfected with an APP 3 ′ -UTR reporter construct, while mutation of the predicted miR-153 target site eliminated this reporter response. Further studies demonstrated that miR-153 delivery in both HeLa cells and primary human fetal brain cultures significantly reduced APP expression, while the delivery of a miR-153 antisense inhibitor to human fetal brain cultures significantly elevated APP expression. Interestingly, in a subset of human AD brain specimens with moderate AD pathology, miR-153 levels were reduced. These results indicate that low miR-153 levels may lead to an increased APP expression in a subset of AD patients [41] . An important study indicated that miRNAs such as Let-7 could also function as signaling molecules and identified TLR7 as an essential element in a pathway that contributes to the spread of central nervous system damage in AD [42] .
The long-chain ncRNA (lncRNA) can regulate gene expression with regard to different aspects, such as epigenetic regulation, transcription regulation, and posttranscription regulation, which is involved in the pathogenesis of many complex diseases including AD. lncRNA is transcribed from the antisense strand of AD-related genes (including the gene locus of APP, MAPT, β-secretase 1/2, APH1A, and BSG/CD147) [43] . Concerning the BACE1 gene, for example, lncRNA BACE1 antisense RNA (BACE1-AS) transcribed from the antisense strand of the β-secretase gene (BACE1) can form an mRNA complex with BACE1 RNA, preventing the BACE1 mRNA enzyme from degradation by nucleic acid enzyme to maintain the stability of BACE1 mRNA, which will lead to greater accumulation of Aβ. The above positive feedback process accelerates the further development of AD. The specific small interfering RNA of BACE1-AS reduces the expression levels of BACE1-AS; meanwhile, the expression level of Aβ, as well as BACE1-AS, may be a more ideal drug target of AD treatment [44] .
Epigenetic Therapeutics in AD
Neurodegenerative diseases, particularly AD, can cause a significant burden on both the patient and the health care system. Despite extensive research, treatment options for patients with these conditions remain limited and, generally, only provide modest symptomatic relief. Accumulating evidence indicates that aberrant epigenetic posttranslational modifications of proteins are emerging as important elements in the pathogenesis of AD. The current evidence suggests that pharmacologically targeting one such family, namely DNA methylation, histone deacetylases, or ncRNA, may be of potential benefit in the future treatment of AD [5, 45] .
The lack of folic acid and vitamin B 12 , which is involved in one-carbon metabolism, could lead to reduced DNA methylation and the purported occurrence of AD. It has been proved that providing folic acid with the diet can ameliorate the methylation of DNA [46] . Therefore, the treatment of AD with folic acid and vitamin B 12 is feasible in theory. Furthermore, clinical trials of vitamin B 12 in patients with mild AD have confirmed its effect on delaying the progress of cognitive deficits. However, there was no effect in patients with moderate and severe AD [47] . AD and other neurodegenerative diseases are mainly manifested in impaired learning and memory abilities, which are related to histone acetylation. HDAC inhibitors improve cognitive function in transgenic mouse models of AD [25, 28] . However, these favorable results were not achieved when treating AD patients with 2-valproate (an HDAC inhibitor) [48] .
Nicotinamide, a competitive physiological inhibitor of sirtuins, can ameliorate cognitive deficits in 3xTg-AD mice. It could also enhance the level of acetylated α-tubulin by inhibiting SIRT2, which stabilizes microtubules and contributes to neuroprotection [49] . The activation of sirtuin, a new therapeutic approach to AD, could reverse the duration of AD by stimulating the expression of α-secretase and interfering with the NF-κB signaling pathway. New findings suggest that resveratrol can competitively inhibit phosphodiesterase (PDE) activity and induce cAMP signaling via Epac1, which activates PLC, resulting in increased intracellular Ca 2+ release via the ryanodine receptor 2 (Ryr2) Ca 2+ channel. The elevated Ca 2+ can activate the CamKKb-AMPK pathway and, ultimately, NAD + and SIRT1. Inhibiting PDE4 with rolipram could produce anti-aging effects similar to those of resveratrol, such as increasing mitochondrial function. Therefore, resveratrol may have potential value in treating neurodegenerative diseases [50, 51] .
The epigenetic modification of NEP expression, which remained as the principle amyloiddegrading enzyme, may serve as a possible strategy for AD treatment [52] . DNA-demethylating agents, such as 5-azacytidine and decitabine, could decrease the level of NEP methylation by inhibiting DNMT, enhance NEP expression, and eliminate Aβ. However, it seems more feasible to regulate the expression of NEP by the deacetylation of AICD [52] .
In recent years, although encouraging progress has been achieved in our understanding of the role of epigenetic mechanisms in the pathogenesis of AD, the results of the study of epigenetic modification of AD are still not satisfying [5, 6] . It is particularly important to find out how to make the fruits of the basic research accessible in future clinical treatment.
Conclusions
There are many different epigenetic modification mechanisms which interact with and influence each other and finally participate in the pathogenesis of AD. Therefore, different epigenetic mechanisms might target specific disease processes, and the future epigenetic therapy of AD should be comprehensive. Moreover, it is necessary to find a new effective pathway which acts on specific epigenetic mechanisms in specific genes or sets of genes while avoiding side effects on others. The specificity requirements for an AD epigenetic therapeutic agent will be challenging. According to integrative medicine, the interaction of genetic, epigenetic, and environmental toxins might be the real cause of AD, and also the current cocktail treatment of AD indicates that it is important for us to investigate in detail the epigenetic mechanisms in AD [53] .
Pathological changes in AD are believed to have happened for more than 10 years before symptoms emerge, and this preclinical stage is the most beneficial period for AD patients to receive epigenetic modification treatment. It is particularly important to make an early diagnosis of AD and focus on identifying new and comprehensive specific biomarkers that will be helpful in the earlier detection of AD.
